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Abstract 10 
The aim of this work was to investigate changes in particle number concentration (PNC) 11 
within naturally ventilated primary school classrooms arising from local sources either within 12 
or adjacent to the classrooms. We quantify the rate at which ultrafine particles were emitted 13 
either from printing, grilling, heating or cleaning activities and the rate at which the particles 14 
were removed by both deposition and air exchange processes. At each of 25 schools in 15 
Brisbane, Australia, two weeks of measurements of PNC and CO2 were taken both outdoors 16 
and in the two classrooms. Bayesian regression modelling was employed in order to estimate 17 
the relevant rates and analyse the relationship between air exchange rate (AER), particle 18 
infiltration and the deposition rates of particle generated from indoor activities in the 19 
classrooms. During schooling hours, grilling events at the school tuckshop as well as heating 20 
and printing in the classrooms led to indoor PNCs being elevated by a factor of more than 21 
four, with emission rates of (2.51 ± 0.25) x 1011 p min-1, (8.99 ± 6.70) x 1011 p min-1 and 22 
(5.17 ± 2.00) x 1011 p min-1, respectively. During non-school hours, cleaning events elevated 23 
indoor PNC by a factor of above five, with an average emission rate of (2.09 ± 6.30) x 1011 p 24 
min-1. Particles were removed by both air exchange and deposition; chiefly by ventilation 25 
when AER > 0.7 h-1 and by deposition when AER < 0.7 h-1. 26 
Keywords: Air exchange rate, ultrafine particles, indoor sources, emission rate, deposition 27 
rate, schools 28 
                                                 * Corresponding author: Tel.: +61 7 3138 2612; Fax: +61 7 33138 8047; E-mail: l.morawska@qut.edu.au 
2 
 
1 Introduction 1 
Numerous toxicological studies reported the association of ultrafine particles (UFP- particle 2 
with a diameter < 0.1 µm), with respiratory and cardiovascular morbidity (Oberdorster et al., 3 
2005; WHO, 2005). Children are more vulnerable to air pollution health effects because their 4 
bodies are still developing, and they breathe at a higher volumetric rate per body mass than 5 
adults. Since children spend about 25% of their time at school and most of the time indoors, 6 
understanding the levels of UFPs and the factors that control them in indoor environments is 7 
an important step in characterizing children’s exposure.  8 
Particles in indoor air may originate from indoor sources and/or infiltrate from outdoor air 9 
(Diapouli et al., 2007; Ho et al., 2004; Kingham et al., 2000; Lazaridis et al., 2008). In the 10 
absence of indoor sources, indoor concentrations show similar temporal variations to those 11 
observed outdoors. Generally, indoor sources are classified according to the activities of the 12 
building occupants. A number of indoor pollutant sources have been found to produce a 13 
substantially high particle number concentrations (PNCs) in the classroom 14 
microenvironment, including gas heaters, burning candles, the use of an electric griddle for 15 
food related activities and a variety of cleaning activities (Mullen et al., 2011; Zhang and 16 
Zhu, 2012). Art activities, such as painting, gluing and drawing, are other important sources 17 
of particles in the classroom microenvironment (Morawska et al., 2009a). The use of vacuum 18 
cleaners during cleaning activities can also produce a substantial amount of aerosol particles 19 
(Knibbs et al., 2011; Lioy et al., 1999), as well as laser printers (He et al., 2007; He et al., 20 
2010; McGarry et al., 2011; Morawska et al., 2009b; Schripp et al., 2008). 21 
The quantitative assessment of indoor particle emissions is a complex task and is very 22 
important for the assessment of the total human exposure to particles. Although several 23 
studies have identified indoor sources and quantified particle levels during classroom 24 
activities to date, only qualitative information on the contribution of indoor particle sources to 25 
concentration levels is currently available. A quantitative assessment of particle emissions 26 
has only been reported for residential houses (Fan and Zhang, 2001; He et al., 2004; Hussein 27 
et al., 2006), however, the activities conducted, and the potential indoor sources in a 28 
classroom microenvironment, differ from those found in homes.  29 
An understanding of particle deposition is important for the overall quantification of exposure 30 
to indoor particles, originating from both indoor and outdoor sources. A number of studies 31 
have been published on particle emission and deposition rates, which mainly focused on 32 
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residential houses (Abt et al., 2000; He et al., 2005; Long et al., 2001; Thatcher et al., 2002; 1 
Thatcher and Layton, 1995) or office buildings (Jamriska et al., 2003; Smolik et al., 2005). 2 
However, these findings may not be directly applicable to classroom microenvironments due 3 
to differences in the surface area to volume ratio within the room, turbulent diffusion, surface 4 
roughness and the number of occupants differing between classroom and home environments, 5 
influencing particle losses in this particular microenvironment.  6 
This paper incorporates the collected air quality and room characteristics data for two 7 
naturally ventilated teaching classrooms in each of 25 urban schools to quantify: 1) air 8 
exchange rates (AERs) in classrooms; 2) the effect of particle infiltration and particle sources 9 
on indoor PNC levels; and 3) indoor particle deposition rates and the associated impact of 10 
AER on particle deposition. 11 
2 Methodology 12 
2.1 Study design  13 
This study was part of a large multidisciplinary epidemiological study, titled “Ultrafine 14 
Particles from Traffic Emissions and Children’s Health (UPTECH)” 15 
(http://www.qut.edu.au/research/research-projects/uptech). Twenty-five randomly selected 16 
primary schools within the Brisbane Metropolitan Area (a subtropical city with 17 
approximately 2 million residents) took part in this study, from October 2010 to August 2012. 18 
The selection of schools was based on there being no major air pollution sources or 19 
infrastructure projects in close proximity to the school grounds other than vehicular traffic. At 20 
each school, two classrooms (ventilated naturally with open windows) were selected for the 21 
study.  22 
Classroom characteristics, such as type of floor, size and volume of the classroom, building 23 
materials and number of the classrooms’ occupants (students and teachers) were recorded. A 24 
classroom activity survey was developed for this study and teachers were requested to record 25 
every classroom activity that could potentially generate indoor air pollution, such as printers, 26 
heater, paint etc on a daily basis during the measurement period. Additionally, the cleaners 27 
were requested to fill out the developed survey whenever they undertook cleaning in the 28 
classrooms. Cleaning of the classrooms occurred twice a day, always outside school hours 29 
(between 5 and 8am in the morning and 3 and 6 pm in the afternoon). It should be noted that 30 
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there were some limitations in relation to observing the activities inside the classroom, since 1 
no researchers or cameras were allowed to be in the classroom during school teaching hours. 2 
Air quality measurements were conducted at one school at a time. At each school, PNC and 3 
CO2 measurements were conducted 24 hours a day for two weeks at three outdoor sites (OA, 4 
OB and OC) within the school grounds as well as at two indoor sites (teaching classrooms: 5 
IA and IB). The indoor sampling location in each classroom was located at the rear or front of 6 
the room, 2m away from the doors and windows, and at the same height at which the pupils 7 
would breathe when seated. Further details of the study design along with measurement dates 8 
are available in the Supplementary Information (SI) file.  9 
2.2  Instrumentation  10 
PNC measurements were conducted using water-based Condensation Particle Counters 11 
(WCPC, TSI Model 3781 or TSI Model 3787). CO2 concentration and temperature were 12 
measured using a portable CO2 meter (pSense, Model AZ 0018). Outdoor meteorological 13 
conditions, including wind direction, wind speed, temperature, solar radiation and relative 14 
humidity, were continuously measured at the centrally located outdoor site (OB) by a weather 15 
station (Monitor Sensor µSmart Series). The weather station, CPCs and CO2 meters were 16 
programmed to collect the data in 30s sampling intervals. Traffic counts with five minute 17 
interval were measured on the busiest road adjacent to the schools, using a “MetroCount 18 
5600”. Traffic densities (vehicles per hour) for each school are provided in the SI file. 19 
Detailed information on the outdoor sampling sites, instrumentation and selection criteria 20 
have already been published in our other UPTECH paper (Salimi et al., 2013) and a general 21 
summary is available in the SI file. 22 
2.3 Data Analysis  23 
Bayesian statistical modelling is used here to develop regression models for recorded events 24 
(identified peaks in PNC with associated activities recorded in the classroom diary) that are 25 
able to jointly estimate the AER and particle deposition rate. By calculating the deposition 26 
rate at the same time as the AER, uncertainty in AER can be taken into account when 27 
estimating the deposition rates. Further to this, by developing a hierarchical model for the rate 28 
parameters, the data are partially pooled and information about deposition and AER during 29 
one event informs estimates of the parameters for the other events. This approach recognises 30 
that while deposition and air exchange may be similar across classrooms they are not 31 
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necessarily independent, identically distributed events. Events where no activity was recorded 1 
in the activity diary, explaining the source of the particles, were listed as “unspecified”. 2 
Statistical modelling was performed with Just Another Gibbs Sampler (JAGS) 3.3.0 using the 3 
rjags library in R 3.0.2 (Plummer M 2012). The Markov Chains were checked for 4 
convergence and at least 5000 samples were drawn for posterior inference. 5 
2.3.1 Quantification of air exchange and particle deposition rates 6 
The air exchange rates (AERs), α, in each classroom were estimated based on an exponential 7 
decay model for the CO2 concentration after some elapsed time in hours, t, from a peak 8 
concentration of  (He et al., 2005; Weichenthal et al., 2008). Because students are a 9 
source of CO2 during lesson times (through their exhalation), the time period used for 10 
calculating the AER from the CO2 measurements started at the time that the students left the 11 
classroom for a lunch break. The estimation of quantification of average AERs during school 12 
hours, over the two week measurement period were based on the decay of CO2 in the 13 
classroom once the students had left the classroom for break. For the non-school hours, the 14 
AER is based on the decay of CO2 at the end of the school day after the students have left the 15 
classroom. The calculated school hours AERs represent the air exchange whether the 16 
classrooms are occupied or not as the classrooms were naturally ventilated by leaving the 17 
windows open throughout the day. The exponential decay model, 18 
   19 
 20 
was recast as a linear regression, 21 
  (1) 22 
to allow for estimation of the uncertainty in AER. 23 
Particle deposition rates, k, were calculated using an exponential decay model for ultrafine 24 
PNC, similar to the model for AER and CO2, based on the peak indoor concentrations caused 25 
by indoor sources (Abt et al., 2000; He et al., 2005). The events examined focused on a peak 26 
indoor PNC that was substantially higher than background levels (e.g. 104 - 105 p cm-3). The 27 
criteria for selecting the events included: no other known indoor particle sources should be 28 
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active; and outdoor concentration must be relatively constant. Assuming well-mixed 1 
conditions within the room,  and k are assumed to be constant. Based on the above, the 2 
exponential decay model, with total removal rate of , was rewritten as a linear 3 
regression:   4 
  (2) 5 
where PNCt and PNC0 are the indoor UFP concentrations at time t and zero (when the peak 6 
in PNC was observed), respectively. Therefore, decreases in CO2 concentration are only 7 
attributable to the AER and decreases in PNC are due to the combined effects of particle 8 
deposition and AER. The AER during these events were estimated by examining the 9 
exponential decay of CO2 on the same day at a time when there were no students in the 10 
classroom, as described above. 11 
Several criteria were applied in order to minimize the error associated with the calculation of 12 
decay rates in Equations (1) and (2) (Howard-Reed et al., 2003). Events where the R2 13 
coefficient for the time-decay of PNC was less than 0.8 were not considered in any further 14 
analysis. The AERs were relatively stable for the selected periods (i.e. having a relative 15 
standard deviation (RSD) < 15%).  16 
Estimation of the AER, , and deposition rate, k, for each of the indoor source events was 17 
performed simultaneously by fitting the following Bayesian hierarchical model: 18 
   (3) 19 
where the precisions, , are the inverses of the variances, , and are the common 20 
parameter for describing the spread of a Normal distribution in a Bayesian framework. For 21 
both the , and k, for any event, hierarchical priors were used such that the log-rates were 22 
centred on an “average” log-rate,  and , respectively. The use of Bayesian 23 
hierarchical modelling in this way allows for partial pooling of the data so that information 24 
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about the relationship between time and both of PNC and CO2 for any one event also informs 1 
the estimates of the relationship between time and PNC and CO2 for every other event, a 2 
“borrowing of strength” across observational units (Jackman, 2009). These average log-rates 3 
are given weakly informative Normal priors with a mean of zero and a large variance, 4 
reflecting an a priori assumption that the log-rates for each event are centred around an 5 
unknown mean which is estimated through what is known about each individual event. The 6 
use of a Normal prior on the log-rates (rather than the rates themselves) ensures that the rates 7 
are strictly positive. The means for the hierarchical priors therefore are 8 
. 9 
and all precision parameters were given weakly informative conjugate Gamma priors, 10 
. 11 
2.3.2 Quantification of indoor source emission rates 12 
The indoor source emission rates were calculated by applying the model of (He et al., 2004): 13 
  (5) 14 
where (p min-1) is the average emission rate, V is the efficient volume of the classroom 15 
(m3), Cp and C0 (p cm-3) are the peak and initial indoor particle concentrations (separated by 16 
time ), respectively,  is the average AER (h-1),  is the deposition rate (h-1),  and  17 
(p cm-3) are the average concentrations of indoor and outdoor PNC during the time  (h-1), 18 
and P is the penetration efficiency, a dimensionless number assumed to be 1, but can be as 19 
low as 0.78 for particles in the size range 20-100 nm (Abt et al., 2000). The emission rates 20 
calculated with this assumption therefore represent a lower bound on the emission rates, as a 21 
decrease in P will lead to an increase in . Given that during the indoor source events 22 
the PNC is up to an order of magnitude higher than outdoors (He et al., 2004) this decrease in 23 
penetration efficiency is assumed to have a negligible effect on emission rate. 24 
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The average total removal rates ( ) were obtained using the average deposition rate of 1 
indoor particles after the indoor event had ceased (i.e. once the source stopped operating). 2 
Equation (5) was simplified by assuming that P was equal to one. 3 
2.3.3 Quantification of Particle infiltration  4 
To quantify particle infiltration and determine the relationship between the indoor peak and 5 
outdoor PNC, a Bayesian predictive regression model was developed. For each identified 6 
event, the mean of the indoor peak PNC was drawn from a hierarchical prior, where each 7 
activity has its own hierarchical mean. The mean of each of these activity-level distributions 8 
is centered around a distribution for means for all-activities, , which has a weakly 9 
informative Normal prior. All precision parameters are given weakly informative conjugate 10 
Gamma priors. Event  is of event type  and the peak concentrations are assumed to be log-11 
Normal,  12 
  (6) 13 
An identical model was developed for the outdoor PNC, with subscripts O instead of I. By 14 
taking the exponent of the difference in means between indoor and outdoor PNC (across each 15 
of the event types), , the indoor/outdoor (I/O) ratio can be analysed. If the 95% 16 
credible interval of the ratio for an event type contains 1, then at a 5% level the indoor and 17 
outdoor PNC during the time of indoor peak PNCs do not have different means. 18 
3 Results and discussion  19 
3.1 General school and classroom characteristics  20 
The building material varied from school to school and generally consisted of either bricks, 21 
concrete, wood or a mix of wood and brick, and the window frames were constructed of 22 
wood and/or aluminium. The size of classrooms varied from 40 to 125 m2 and they were 23 
equipped with standard school tables and chairs, a whiteboard or blackboard at the front of 24 
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the room, desktop computer/s, printer/s, an overhead projector and bookshelves at the back or 1 
side of the classrooms. The floors in all of the classrooms were carpeted.  2 
The classrooms were occupied from Monday to Friday, usually from 9.00 am until 3.00 pm, 3 
with the number of students occupying each classroom ranging from 16-29 children. The 4 
occupancy also varied and depended on classroom schedule, with children moving in and out 5 
of the classrooms during break times (11:00-11:45 am and 1:15-1:50 pm), as well as for other 6 
activities, such as playing, drawing and studying. The classrooms were cleaned twice a day, 7 
usually between 5.00-8.00 am and 3.00-6.00 pm on weekdays.  8 
3.2 Air exchange rates (AERs)  9 
Average AERs for the two weeks of continuous measurements at each classroom were 10 
calculated during school hours and non-school hours for the 25 schools and are presented in 11 
Figure 1. The AERs were much higher during school than non-school hours (p < 0.01). 12 
Overall, the median AERs in school and non-school hours were 1.00 h-1 and 0.25 h-1, 13 
respectively. The average AERs in the warmer months were higher than the colder months, 14 
which were 0.74 ± 0.54 and 0.54 ± 0.35 h-1, respectively (i.e. around ± 20% higher for the 15 
warmer months). ANSI/ASHRAE Standard 62.1 recommends a minimum ventilation rate of 16 
0.6 L/s. m2 for school classroom (ASHRAE, 2010). Therefore, given a typical occupant 17 
density of 25 people per 100 m2 and a ceiling height of 3m, the current standard would 18 
require an AER of about 0.7 h-1 for a typical classroom. Overall, the average AERs during 19 
school hours in this study were higher than those recommended for classrooms by the 20 
ANSI/ASHRAE Standard 62.1 (ASHRAE, 2010).  21 
Figure 2 summarises the concentrations of CO2 in the classrooms and at the outdoor CO2 22 
monitoring location (OB) for the 25 schools during school and non-school hours. The median 23 
indoor (classrooms) and outdoor (OB site) CO2 concentrations during school hours were 430 24 
ppm and 373 ppm, respectively. A graph presenting diurnal pattern of average indoor CO2 25 
concentrations at each is available in the SI file (Figure S3).  26 
The median indoor CO2 concentrations during school hours were higher than non-school 27 
hours, and generally lower than the guideline concentration of 1000 ppm outlined in 28 
ANSI/ASHRAE Standard 62.1 (American Society of Heating, 2013). Only three occasions 29 
were identified where the median concentrations exceeded the guidelines outlined in the 30 
ANSI/ASHRAE Standard 62.1 (ASHRAE, 2010). This occurred for IA at S23 and IB at S09 31 
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and S19 (Figure S3in the SI file), where the average concentrations were 1370 ± 695, 1086 ± 1 
527 and 1043 ± 370 ppm, respectively. An overcrowded classroom could be the reason for 2 
the high CO2 levels observed for IA at S23. The maximum occupancy in a classroom 3 
microenvironment recommended by ANSI/ASHRAE Standard 62.1 is 25 people/100 m2, 4 
compared to the occupancy for IA at S23, which contained 25 people in an area of 48 m2. For 5 
IB at S09 and S19, the high CO2 concentrations were due to the low AERs, with an average 6 
of 0.2-0.5 h-1, such that the occupants’ accumulated metabolic emission of CO2 may have 7 
contributed to the elevated indoor CO2 concentration.  8 
3.3 Identification of sources of indoor particles and particle infiltration  9 
Analyses of indoor PNC time-series data collected for two consecutive weeks at each school, 10 
together with a comparison of this data with classroom activity diaries enabled the 11 
identification of activities which contributed to elevated particle concentration levels. A total 12 
of over 100 particle generating activities were recorded in classrooms. Overall, 52 events 13 
were identified from the time-series data during school hours, of which 21 events were able 14 
to be matched with the activity diaries, and were classified into three main types of activities 15 
contributing to indoor PNC: heating and printing (in the classrooms) as well as grilling (in the 16 
school’s tuckshop - a shop where children can buy their foods and drinks, similar to a 17 
cafeteria, but generally not a dining hall). The remaining 31 school hours events that were not 18 
associated with a specific event type in the activity diary were listed as “Unspecified”. The 19 
number of events occurring at each school is presented in Figure S4 in the SI file. 20 
Table 1 presents a summary of predictive distribution from the modelling the peak PNCs, the 21 
simultaneous outdoor PNC and their I/O ratios, describing the values which be expected to 22 
see across all events of the given type. During school hours, the median ratios of indoor peak 23 
PNC to outdoor PNC were estimated to be six times higher during printing and grilling 24 
(particles from grilling infiltrated from the nearby tuckshop), and about four times higher 25 
during heating. Cleaning was found to make a significant contribution to indoor 26 
concentrations but only occurred during non-school hours. The average peak values of indoor 27 
concentrations coinciding with the cleaning activities were classified as “cleaning” and were 28 
estimated to be about six times higher than the average outdoor concentrations. (Figure 3, 29 
Table 1). In addition, Figure S4 in the Supporting Information shows the number of each type 30 
of event that occurred at each of the 25 schools. Indoor and outdoor PNC time series during 31 
example events are presented in in the SI file (Figure S5).  32 
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The following subsections present results and analysis on the identified indoor sources as 1 
well as one outdoor source (grilling activities in school tuckshop) and their impact on indoor 2 
concentrations. No peaks associated with multiple activities at the same time were observed. 3 
3.3.1 Heating  4 
In general, due to Brisbane’s subtropical climate, heaters are rarely used. The electric heater 5 
was used every day of the two weeks at S08, where only two associated peaks were identified  6 
based on the criteria described in section 2.3.1. The observed PNCs showed a significantly 7 
elevated number of particles (Figure S5a, SI file), with a predictive distribution of indoor 8 
PNC of (6.42 to 169) x 103 p cm-3 (95% CI). Based on experiments conducted in a chamber 9 
study, (Afshari et al., 2005) reported that the use of an electric air heater can contribute high 10 
levels of indoor particles, with a maximum concentration of up to 1.16 x 105 p cm-3. While 11 
the mechanism/s of particle emission from electric heaters remains unclear, one hypothesis is 12 
that the organic vapours released directly from the heaters or from the organic compounds 13 
deposited on the surfaces, can nucleate to form UFPs when cooled down to room temperature 14 
(Rogge et al., 1993). The posterior mean of the estimate of I/O ratio of means (Figure 3) is 15 
greater than the ratio of indoor peak PNC to corresponding outdoor PNC. Due to only two 16 
heating events being observed, the hierarchical prior has a great deal of influence on the 17 
estimated ratio for heating events.  18 
Heating through the use of reverse cycle air conditioning was used at S11 Room A for two 19 
days and at S25 Room B before students entered the room for two days, where no 20 
corresponding peak was recorded. 21 
3.3.2 Printing  22 
During school hours, several indoor printing events were observed that elevated indoor PNC 23 
levels in the classrooms. Only eight events were matched with the classroom activity diary, 24 
one in S11 and S18, and six at S23. The lifetime of PNC during printing in the classrooms 25 
varied between two and three hours. The predictive indoor distribution was (1.19 to 25.8) x 26 
104 p cm-3 (95% CI), which represented a higher than average contribution compared to 27 
previous studies (He et al., 2007).  28 
3.3.3 Grilling  29 
The 11 identified food grilling events all occurred in the tuckshop of S21, where an electric 30 
grill was used. Indoor PNCs (in the classroom) ranged from 1.23 x 104 to 2.69 x 105 p cm-3 31 
(95% CI), with the lifetime of PNC after emission ranging from one to two hours.  32 
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3.4 Emission rates of particle sources 1 
Table 2 presents PNC emission rates (ER) for all the different identified sources of particles 2 
in the classrooms (Equation 5).  3 
During school hours, ERs of an electric heater ranged from 2.26 to 2.76 x 1011 p min-1 and 4 
were found to be lower than the ERs found in a previous study conducted in a residential 5 
house, which was 4.07 x 1011 p min-1 (He et al., 2004). The mean duration of heater usage 6 
during these events was 22.5 minutes. The emission rates of printing events (mean duration 7 
of 23.13 minutes) in the classrooms ranged from (3.17 to 7.17) x 1011 p min-1, which was 8 
higher than in a previous study conducted in office buildings, reporting an ER of 1.6 x 1011 p 9 
min-1 for high emitting printers (He et al., 2007). The quantified ERs during grilling (mean 10 
duration of 17.85 minutes) ranged from 2.29 x 1011 to 1.57 x 1012 p min-1, which are 11 
comparable to the values reported by a previous study in residential houses, ranging from 12 
2.28 1011 to 1.24 x 1012 p min-1 (He et al., 2004).  13 
During non-school hours, the contribution of cleaning such as vacuuming, wiping tables, 14 
chairs and windows, and mopping the floor were estimated to be 2.10 x 1010 to 4.17 x 1012 p 15 
min-1. The combined estimated ERs for unspecified sources of indoor PNCs during school 16 
hours ranged from 6.73 x 1011 to 6.43 x 1012 p min-1.  It is not possible to compare the ERs 17 
from the cleaning and unspecified indoor sources to previous studies, since they consisted of 18 
a combination of different types of activities. 19 
3.5 Particle deposition rates in the classrooms  20 
The total deposition rates of particles from different sources were quantified using Equation 21 
3, for the events which satisfied the criteria in Section 2.3.1 (heating at S08, printing at S23 22 
and grilling at S21). Figure 4 shows the average deposition rates for the total of 21 events of 23 
three types of identified particle sources in all the studies classrooms. The average total PNC 24 
deposition rates for grilling, printing and heating were 102 h-1 (95% CI: 100, 102 h-1), 71 h-1 25 
(95% CI: 68, 74 h-1) and 105 h-1 (95% CI: 96, 113 h-1) respectively. For all events, particle 26 
deposition was found to be a faster removal process than air exchange (Figure 4). The 27 
variations in the calculated deposition rates over all the studied classroom were due to room-28 
to-room differences in the indoor surface area to volume ratio, turbulent mixing patterns and 29 
the types of interior materials (Long et al., 2001; Thatcher et al., 2002).  30 
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From Figure S5 it can be seen that, based on an estimated peak PNC of 1 × 104 particle cm-3, 1 
together with the criteria mentioned in Section 2.3.3, after around 120-150 minutes, up to 85-2 
90% of total PNC in the classrooms were removed by deposition and/or ventilation during 3 
school hours. Similar results were also reported in a previous study by (Gong et al., 2009) 4 
inside a cabin, where almost 90% of ultrafine particles were estimated to be deposited onto 5 
the interior surfaces after about 160 minutes.  6 
4   Conclusions  7 
The present study was conducted in a total of 50 classrooms in 25 urban schools, in order to 8 
identify sources of indoor particles, and quantify their emission and deposition rates.  9 
The measurement of CO2 and calculation of AERs provided information on air quality and 10 
ventilation in the classrooms. In general, average indoor CO2 concentrations were lower than 11 
the guideline of 1000 ppm, with only three occasions that exceeded the limit. The AERs were 12 
higher during school than non-school hours. The AERs were 20% higher during warmer 13 
months when compared to the colder months. The overall AERs during school hours were 14 
higher than the acceptable guideline of 0.7 h-1.  15 
Heating and printing in the studied classrooms as well as food grilling in the school tuckshop 16 
was shown to elevate PNC in the classrooms. The ratio of indoor and outdoor means had 17 
credible intervals all strictly greater than one, with mean ratios ranging from 4.3 to 6.5, 18 
indicating that the indoor mean was significantly higher than the outdoor mean. During non-19 
school hours, cleaning activities such as vacuuming, wiping tables, chairs and windows, and 20 
mopping the floor, were found to contribute a significant amount of particles in the classroom 21 
microenvironment. 22 
The average particle emission rates from heating, printing and grilling were (2.51 ± 0.25) x 23 
1011 p min-1, (5.17 ± 2.0) x 1011 p min-1 and (8.99 ± 6.70) x 1011 p min-1, respectively. 24 
Average total particle deposition rates for the classrooms were approximately 100 times 25 
larger than the AERs, indicating that particle deposition is the main removal mechanism for 26 
particles originating from indoor sources.  27 
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Figure 1 Average AERs during school (SH) and non-school hours (NSH) in indoor 13 
classrooms IA and IB. The dashed vertical line indicates the recommended guideline 14 
of AER = 0.7 h-1.  15 
 16 
17 
 
 1 
Figure 2 CO2 concentrations in indoor and outdoor concentrations for the 25 schools 2 
during school and non-school hours. Box plots represent maximum, minimum, 75th 3 
percentile, 25th percentile and medians. The presented data exclude the outliers. 4 
 5 
 6 
 7 
Figure 3 PNC indoor/outdoor ratio of log-Normal means (across the four event types 8 
and “unspecified” events) for peak indoor PNC and corresponding outdoor PNC. The 9 
filled circles represent the mean I/O ratio and the horizontal lines its 95% credible 10 
interval. The ratio of peak indoor and corresponding outdoor measurements for each 11 
event is shown as open circles. 12 
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 1 
Figure 4 Mean and 95% CI for the average air exchange rate and particle deposition 2 
rate during school hours for the following 21 events: grilling at S21 (events 1-11); 3 
heating at S08 (events 19-21); and printing at S11 (event 13), S18 (event 14), and S23 4 
(events 12, 15-19). 5 
 6 
 7 
 8 
 9 
 10 
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Table 1 Summary of predictive distribution from the modelling the particle number 1 
concentration values and ratios of indoor to outdoor concentrations. Cleaning events 2 
only occurred during school hours and particles from grilling were infiltrated from 3 
outdoors. 4 
 Event type N Peak predictive (x 104 p cm-3) Outdoor  (x 104 p cm-3) Ratio 
Source   Mean 95% CI Mean 95% CI Mean 95% CI 
Outdoor  Grilling 11 7.64 1.23, 2.69 1.38 0.25, 4.29 5.82 3.01, 10.10 
Indoor 
Printing 8 7.65 1.19, 25.89 1.21 0.23, 3.95 6.26 3.14, 11.29 
Heating 2 4.66 0.64, 16.86 1.10 0.18, 3.64 4.29 1.34, 9.04 
Cleaning 64 4.34 0.78, 14.36 0.74 0.15, 2.28 5.74 4.40, 7.40 
Unspecified 31 5.26 0.91, 17.28 0.99 0.19, 3.12 5.19 3.66, 7.12 
 5 
 6 
Table 2 Emission rates of the identified sources of indoor PNC. 7 
Event type N* Emission rates 
(x 1011 p min-1) 
  Mean S.D 
Grilling** 11 2.51 0.25 
Printing 8 5.17 2.00 
Heating 2 8.99 6.70 
Cleaning 64 2.09 6.30 
Unspecified 31 3.25 14.7 
*N: number of events; ** Conducted at school tuckshop at S21 8 
 9 
10 
20 
 
Supplementary Information (SI) File 1 
Study design 2 
Brisbane, the capital city of the State of Queensland, Australia, is located at 27.4o S 153.1 E. 3 
Its climate is subtropical, with temperatures ranging from 10 to 21.8 oC during winter and 4 
21.3 to 30.3 oC during summer (http://www.bom.gov.au). The general wind patterns in the 5 
Brisbane Metropolitan Area are governed chiefly by land and sea breezes, which are 6 
described in more detail by Morawska et al. [6] and Cheung et al. [11]. 7 
Information on the classroom characteristics, such as type of floor, size and volume of the 8 
classroom, building materials and number of the occupants (students and teachers) inside the 9 
classroom were recorded. The building material varied from school to school and generally 10 
consisted of either bricks, concrete, wood or a mix of wood and brick, and the window 11 
frames were constructed of wood and/or aluminium. The size of classrooms varied from 40 to 12 
125 m2 and they were equipped with standard school tables and chairs, a whiteboard or 13 
blackboard at the front of the room, desktop computer/s, printer/s, an overhead projector and 14 
bookshelves at the back or side of the classrooms. The floors in all of the classrooms were 15 
carpeted. 16 
 17 
 18 
 19 
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Figure S 1 Schematic diagrams of outdoor (A, B, C) and indoor (IA, IB) sites at each school. The dashed lines represent the 4 
boundary of the school grounds; TC the location of the traffic counter and PW the prevailing wind direction during the 5 
measurement period at each school and school hours (between 9am and 3pm) based on historical wind data collected from the 6 
nearest long-term weather station. 7 
 8 
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Table S 1 Characteristics of studied school sites. 1 
School Study Dates  Location AHTD* (vehicles h-
1) 
S01 15/11 -29/11/2010 ∼ 25 km North East of Brisbane, rural residential area with low traffic, closes to the sea. 167 
S02 18/10 – 1/11/2010 ∼ 15 km North of Brisbane, residential area, located near to a major road with heavy traffic. 935 
S03 1/11 – 15/11/2010 ∼ 4 km north east from Brisbane, densely populated with moderate traffic. 314 
S04 28/02 –21/03/2011 ∼ 15 km North East of Brisbane, densely populated residential area, near to racecourse, near to 
motorway (about 2 km west), and heavy traffic at east. 
1209 
S05 21/03 – 04/04/2011 ∼ 8 km South East of Brisbane densely populated residential area with medium traffic. 675 
S06 16/05 – 30/05/2011 ∼ 16 km south of Brisbane, residential area with low traffic and near quarries/land activities. 284 
S07 30/05 – 14/06/2011 ∼ 7 km south of Brisbane, residential area, near to a major road with heavy traffic). 1112 
S08 14/06 – 27/06/2011 ∼ 40 km south west of Brisbane, residential area, commercial activity and moderate traffic, be 
circled Brisbane river. 
558 
S09 11/07 – 25/07/2011 ∼ 35 km southwest of Brisbane, near to a major road with heavy traffic, near to racecourse and 
commercial activity.  
1217 
S10 25/07 – 08/08/2011 ∼ 13 km south of Brisbane, densely populated residential area with heavy traffic. 1194 
S11 22/08 – 05/09/2011 ∼ 18 km south of Brisbane, densely populated area. 433 
S12 08/08 – 22/08/2011 ∼12 km northwest of Brisbane, commercial activity (northwest of school), residential area (south 
of school) and quarry/land activities (north of school) with low traffic. 
200 
S13 
 
03/10 – 17/10/2011 ∼ 9 km southwest of Brisbane, residential area, near to a major road with medium traffic. 655 
24 
 
 1 
 2 
School Study Date  Location AHTD* (vehicles h-
1) 
S14 17/10/ – 31/10/2011 ∼ 15 km North West of Brisbane, rural residential area with low traffic. 157 
S15 31/10  – 14/11/2011 ∼ 10 km southwest of Brisbane, residential area, commercial activity (west of school), near 
to a major road with heavy traffic. 
862 
S16 14/11 – 28/11/2011 ∼ 9 km North East of Brisbane, densely populated area, near to railway station (north of 
school) with light traffic. 
44 
S17 28/11 – 12/12/2011 ∼ 17 km North of Brisbane, residential area, land activities, located near to a major road 
with medium traffic. 
738 
S18 19/03 – 02/04/2012 ∼ 5 km North West of Brisbane, densely populated residential area with light traffic. 36 
S19 05/03 – 19/03/2012 ∼ 14 km southeast of Brisbane, densely populated residential area, near to commercial 
activity (west of school), and near to a major road with heavy traffic. 
1087 
S20 16/04 – 30/04/2012 ∼ 10 km southeast of Brisbane, densely populated residential area, near to commercial 
activity (north east of school), and near to a major road with heavy traffic. 
1193 
S21 28/05 – 12/06/2012 ∼ 7 km southeast of Brisbane, densely populated residential area, 200 m to a major road 
with low traffic. 
150 
S22 12/06 – 25/06/2012 ∼ 11 km North East of Brisbane, residential area (south of the school), commercial activity 
(north of the school) with moderate traffic.  
439 
S23 16/07 – 30/07/2012 ∼ 2 km North of Brisbane, densely populated with commercial activity, near to the 
Brisbane river (south west of the school) with medium traffic. 
675 
S24 30/07 – 13/08/2012 ∼ 20 km south of Brisbane, densely populated residential area, with low traffic. 167 
S25 13/08 – 27/08/2012 ∼ 16 km northeast of Brisbane, residential area (east of school), commercial activity (west 
of school) at intersection of moderate traffic. 
323 
*AHTD, Average hourly traffic density.3 
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Traffic Densities during school hours 1 
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Figure S 2 Whisker plot of traffic density between 9am and 3pm at each of the 3 
25 schools 4 
 5 
Data Quality Control 6 
Throughout the duration of the UPTECH project, of which this study is part, manufacturer’s 7 
recommended quality control checks were performed and documented for all the WCPCs 8 
three times a week by ensuring the instruments passed these checks: 1) both total and aerosol 9 
flow rates checks in the field using a Sensidyne Gilibrator-2 flow meter; and 2) zero checks 10 
using a particle filter, to ensure that it gave a zero reading and there were no sampling leaks 11 
inside the WCPCs. In addition, both logger time and local time were recorded to enable 12 
synchronisation with the other instruments. This data, together with any other relevant 13 
information, were recorded on a Meta data sheet. All WCPCs used for the measurement 14 
campaign were determined to be operating within the precision stated by the manufacturer. 15 
In case the aerosol flow rate was lower than the nominal flow rate, the corrected 16 
concentration, Cc, was obtained using the following equation: 17 
 18 
26 
 
where FRc is the actual flow rate; FRm is the measured flow rate and Cm is the measured 1 
concentration. The WCPC also includes a programmable data logging capacity, which was 2 
programmed to record averaged particle concentration every 30 seconds. This correction only 3 
applied when the measured flow rate was at least 80% of the nominal flow rate, otherwise the 4 
data were discarded. 5 
In addition, side-by-side comparisons of all of the WCPCs were conducted during the 6 
UPTECH project to check for any instrument bias and differences between instruments. This 7 
has been described by Salimi et al.3. Comparisons showed that for the ratios of the PNC time 8 
series recorded by each WCPC, at a frequency of 30 seconds, and the mean time series (at the 9 
same frequency, averaged across all WCPCs during the comparison), the mean ratios were all 10 
within 14% of unity. As a result of the side-by-side comparison testing and maintenance 11 
schedule, the measurements by the WCPCs in the UPTECH project have been considered 12 
comparable. 13 
 14 
Diurnal pattern of average indoor CO2 concentartions at each school 15 
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Figure S 3 Boxplots of carbon dioxide concentrations at each of the classrooms 2 
(IA, IB) and the central outdoor location (OB) at each of the 25 schools.  3 
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 5 
 6 
 7 
Identified activities at each school. 8 
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Figure S 4 Number of each identified event at each of the 25 schools.   3 
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Indoor and outdoor PNC time series during activities contribuiting to 5 
indoor PNCs 6 
30 
 
 
(a) use of electric heaters at S08 
 
(b) Printing at S09 
 
31 
 
(c) Grilling activities in the tuckshop at S11 
Figure S 5 Examples of indoor and outdoor PNC time series during activities 1 
contribuiting to indoor PNCs 2 
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